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Spurious junk radiation in the initial data for binary black hole numerical simulations has been
an issue of concern. The radiation affects the masses and spins of the black holes, modifying their
orbital dynamics and thus potentially compromising the accuracy of templates used in gravitational
wave analysis. Our study finds that junk radiation effects are localized to the vicinity of the black
holes. Using insights from single black hole simulations, we obtain fitting formulas to estimate
the changes from junk radiation on the mass and spin magnitude of the black holes in binary
systems. We demonstrate how these fitting formulas could be used to adjust the initial masses and
spin magnitudes of the black holes, so the resulting binary has the desired parameters after the junk
radiation has left the computational domain. A comparison of waveforms from raw simulations with
those from simulations that have been adjusted for junk radiation demonstrate that junk radiation
could have an appreciable effect on the templates for LIGO sources with SNRs above 30.
PACS numbers: 04.25.D-, 04.25.dg, 04.30.Db, 04.80.Nn
Introduction: This letter presents a method to deal
with the spurious junk radiation present in puncture-type
initial data for binary black hole (BBH) simulations.
When Einstein’s theory of General Relativity is viewed
as an initial-value problem, the initial data consist of the
spatial metric γij and the extrinsic curvature Kij of the
initial space-like hypersurface in the space-time foliation.
In the pair {γij ,Kij}, not everything is freely specifiable.
Four pieces are fixed by the Hamiltonian and momentum
constraints. The York-Lichnerowicz approach [1, 2] pro-
vides a path to identify those four pieces via conformal
transformations and tranverse-traceless decompositions.
With this approach, after assuming conformal flatness
(γij = Φ
4ηij) and vanishing trace of the extrinsic curva-
ture (Kii = 0), the Hamiltonian constraint for vacuum
space-times reads:
∆˜Φ +
1
8
Φ−7A˜ijA˜ij = 0 . (1)
Here, tildes denote tensors and operators in conformal
space, and A˜ij is the conformal trace-free extrinsic cur-
vature satisfying ∇˜iA˜ij = 0, namely the momentum con-
straint.
To construct puncture-type initial data representing
BBHs, one uses the Bowen-York [3] point-source solu-
tions to ∇˜iA˜ij = 0:
A˜ij =
3
2 r2
[
P ilj + P j li − (ηij − lilj)(P klk)
]
(2)
A˜ij =
6
r3
l(ij)klSkll (3)
with li = xi/r and ijk the Levi-Civita symbol. Also,
P i and Si are the linear and angular momentum of the
point-source, respectively. Given (2) and (3), Eq. (1) is
solved using the puncture approach introduced by Brandt
and Bru¨gmann [4]. The essence of this approach is to
factor out the black hole (BH) singularity, namely
Φ = 1 +
m1
|r − r1| +
m2
|r − r2| + u (4)
with r1,2 the locations of the BHs and u a regular func-
tion. The parameters m1,2 are commonly referred as the
bare or puncture masses. Ansorg [5] developed an ele-
gant solver for Eq. (1) based on spectral methods called
2Punctures. The solver is one of the most widely used
codes by the numerical relativity (NR) community.
To construct astrophysically relevant BBH initial data,
one thus needs to provide the values for the parameters
m1,2, r1,2, P
i
1,2 and S
i
1,2. The most common approach
for this is with the assistance of post-Newtonian (PN)
approximations. PN equations of motion are used to
evolve the BBH of interest from large separations until
the separation at which the NR evolution will start. The
parameters of the BBH at the end of the PN evolution
are used as input parameters to solve Eq. (1). There is a
subtlety here. The bare puncture masses m1,2 are not the
masses of the BHs. As first guess for these parameters,
one uses the PN BH masses, but iterations are needed to
adjust the puncture bare masses until the masses of the
BHs match the desired PN masses.
There is an issue with the puncture BBH initial data
as just described. For sufficiently large binary separa-
tions, one would expect the space-time in the neighbor-
hood of each BH to be close to a boosted Kerr solution,
or boosted Schwarzschild solution if the BH is not spin-
ning. This is not the case for the puncture data with
Bowen-York extrinsic curvatures, not even for a single
BH. The reason for this are the conformal flatness as-
sumption and the Bowen-York extrinsic curvatures. The
space-time of a boosted or a Kerr BH is not conformally
flat. Also, the Bowen-York extrinsic curvatures are not
the extrinsic curvatures for a boosted or Kerr BH. As a
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2FIG. 1. The real and imaginary parts of the l = 2, m = 2
modes of Weyl scalar Ψ4 extracted at a radius 75M for the
wavefrom GT0860 in the Georgia Tech catalogue. This is an
equal mass, precessing BBH system with spin magnitude of
a=0.8. The junk radiation is evident at the begining and
appears to end around a time 134M , with M the total mass
of the binary.
consequence, the puncture Bowen-York initial data con-
tain spurious or junk radiation.
In numerical evolutions, junk radiation manifests itself
as a burst. Figure 1 depicts an example in terms of the
Weyl scalar Ψ4 as a function of time for the l = 2, m = 2
mode. There is an ongoing debate in the NR community
about the extent to which the junk radiation introduces
appreciable changes to the binary, specifically changes to
the spins and masses of the BHs, and thus to the orbital
dynamics of the binary [6–14]. Some of the studies at-
tempt to tame the junk radiation by moving away from
conformal flatness [7, 8], others introduce explicitly PN
corrections [10]. Our view here is to obtain first a de-
tailed characterization of the effects from junk radiation
on the holes and then introduce adjustments in the in-
put parameters of the binary that anticipates the changes
produced by the junk radiation. The expectation is that,
after the junk radiation dissipates away, one is left with
the BBH system one originally intends to have.
Waveform Analysis: Our work is based on the Georgia
Tech catalogue of BBH simulations [15]. The first step
we took was to monitor in our simulations the behavior
of the masses and spins of the BHs in a window between
the initial time of the simulation and the end of the burst
of junk radiation. Figure 2 shows the percent change δMi
in the initial irreducible mass of the BHs as a function
of time for three binary simulations from the catalogue:
GT0406, GT0407 and GT0866. The irreducible mass
Mi is computed from the area A of BH horizon: Mi =√
A/4pi. It is evident in Fig. 2 the increase in the masses
of the BHs during the first 20M of the simulation. This
trend was observed in all the simulations for which we
tracked the masses of the holes. Similar jumps were also
FIG. 2. The percent change in initial irreducible mass of the
BHs for three simlations from the Georgia Tech catalogue:
GT0406, GT0407 and GT0866. An increase in the mass is
seen over a period of approximately 20M .
observed in the spins.
Learning from single black hole simulations: Next we
investigated whether the jumps in mass and spin were
due to local effects in the neighborhood of the BHs or if
they involved correlations between the holes in the bina-
ries. To answer this question, we looked at the effects of
junk radiation on a single BH. We carried out simulations
expanding the dimensionless spin parameter a = S/M2h
in the range 0 ≤ a ≤ 0.8 and the speed v = P/Mh
in the range 0 ≤ v ≤ 0.3, with S the angular momen-
tum, P linear momentum, and Mh the mass of the BH,
where M2h = M
2
i + S
2/(2Mi)
2. The spin of the BH was
aligned with the z-direction and the momentum with the
y-direction. To a good approximation, these configura-
tions cover the initial setups of BHs in the non-precessing
BBH simulations in our catalogue.
Not surprisingly, the single BH simulations also showed
increases in mass and spin. Furthermore, those increases
took place, as with the BBH simulations, during the first
20M of the simulation time. This suggests that the ef-
fects of junk radiation are localized near the hole and do
not depend on the presence of the other hole.
Figure 3 shows with points the percentage change in
the BH irreducible mass δMi and δa for all the single BH
simulations as a function of the dimensionless spin a and
speed v. The grey surfaces in Figure 3 are fits to the data
where we use the following fitting function:
F = c00 + c10a+ c20a
2 + c30a
3 + c40a
4 + c50a
5
+ c01v + c02v
2 + c03v
3 + c04v
4 + c05v
5
+ c11av + c12av
2 + c13av
3 + c14av
4
+ c21a
2v + c31a
3v + c41a
4v
+ c22a
2v2 + c23a
2v3 + c32a
3v2 (5)
The coefficients for the fit to δMi and δa are given in
Table I.
3(a) (b)
FIG. 3. Percent change in the (a) irreducible mass of the BH Mi and (b) dimensionless spin a in the single BH simulations as
a function of a and v (blue dots). Two-parameter fits to the data by Eq. (5) are shown as a grey surfaces.
cij δMi δa cij δMi δa
c00 -0.09935 0.1294 c40 -65.83 79.59
c10 2.148 -3.169 c31 -4.27 13.47
c01 0.05612 -0.0977 c22 -1.565 -5.56
c20 -14.92 21.01 c13 3.918 -13.17
c11 -0.4674 1.118 c04 -21.74 288.9
c02 -0.6845 7.696 c50 36.64 -40.72
c30 46.3 -61.24 c41 2.524 -7.763
c21 2.386 -7.675 c32 2.931 2.056
c12 -0.2141 2.781 c23 -0.7278 -35.24
c03 5.791 -15.01 c14 -5.623 12.7
c05 29.78 -413.8
TABLE I. Fitting coefficients for δMi and δa in Eq. 5.
Interestingly, from Fig. 3a, the effect of junk radiation
on the mass correlates stronger with the initial spin than
with the speed of the puncture. This is not the case with
the effect on the spin of the BH. As it can be seen from
Fig. 3b, the junk radiation reduces the spin for larger
initial spin and increases the spin for larger speeds. As
a consequence, there is a family of cases for which the
effects cancel out. These are the cases when the surface in
Fig. 3b intersects the δa = 0 plane, and they are denoted
with the black line. Another important finding was that
the junk radiation only affected the magnitude of the spin
but not its direction.
Connecting with binary black holes simulations: Once
we quantified the changes in mass and spin for the single
BH simulations, the next step was to investigate whether
these changes are the same as those observed in each
of the holes in BBH simulations. We looked at 107 bi-
nary simulations in our catalogue: 67 precessing binaries,
and 40 aligned spin, non-precessing binaries. Figures 4a
and 4b show with points δMi and δa for the BHs in the
BBHs (red for aligned spins and green points for pre-
cessing binaries). Grey surfaces denote the single BH fit.
Figures 4c and 4d show the corresponding residuals. The
residuals in the masses are O(10−2) %, and for v ≤ 0.24
the spin residuals are O(10−1) %. On the other hand,
for v & 0.24 the spin residuals are O(1) % and all neg-
ative. Since the residuals are data-fit, this implies that
the single BH fit overestimates the effect of junk radiation
for v & 0.24. For reference, BHs with v ≈ 0.24 involve
binary systems with initial separations of ≈ 10M and
gravitational wave frequency ωM ≈ 0.048. The levels
of residuals for δMi and for δa if v . 0.24 give us con-
fidence that the fitting formula derived from single BH
simulations provides good estimates applicable to binary
simulations.
When to worry about junk radiation: Finally, we
present a couple of examples of how the single BH junk
radiation fits can be used in BBH simulations. From
the waveforms in these simulations, we quantify whether
one needs to worry about the effects of junk radiation in
gravitational wave analysis for LIGO and LISA sources.
Assuming that one wants to simulate a binary with
BHs having irreducible masses M1,2i , spins a
1,2 and
speeds v1,2, the task is to find irreducible masses M¯1,2i
and spins a¯1,2 to use in the initial data such that the
junk radiation modifies these values and yields the de-
sired values M1,2i and a
1,2. The adjusted values M¯1,2i
and a¯1,2 can be found by solving the following equations:
M1,2i = [1 + δM¯
1,2
i (a¯
1,2, v1,2)] M¯1,2i (6)
a1,2 = [1 + δa¯1,2(a¯1,2, v1,2)] a¯1,2 (7)
4(a) (b)
(c) (d)
FIG. 4. A comparison between the percent changes (a) δMi and (b) δa in BH irreducible masses in BBH simulations (red for
aligned spins and green for precessing binaries) with the single BH fit (grey surface). Residuals := (data - fit) between the
single BH fit and the BBH data are shown in (c) and (d).
where the junk radiation changes in the formulas above
are given as fractional changes not percentages. As men-
tioned before, for BHs moving with speeds & 0.24, the
formulas overestimate the correction on the spin mag-
nitude. For those cases, we estimate that only a 10%
correction should be applied.
Figure 5 depicts the l = 2, m = 2 mode of Weyl
scalar Ψ4 for two pairs of simulations. All four simu-
lations consist of equal mass, aligned spin binaries. The
top panel shows the cases with a ≈ 0.6 and the bot-
tom for a ≈ 0.8. In blue is the waveform from the
raw simulation and in orange the waveform in which the
masses and spins have been adjusted according to the
single BH fitting formulas. The mass of the BH, its ir-
reducible mass and spin magnitude at the beginning of
the simulation and after the junk radiation has dissipated
Type t = 0 t > tjunk
Mh/M Mi/M a Mh/M Mi/M a
raw 0.4994 0.4736 0.6013 0.5004 0.4744 0.6032
adj 0.4985 0.4729 0.6000 0.4994 0.4736 0.6018
raw 0.4972 0.4430 0.8090 0.5001 0.4471 0.8013
adj 0.4939 0.4387 0.8161 0.4971 0.4431 0.8079
TABLE II. Mass of the BH, its irreducible mass and spin
magnitude at the beginning of the simulation and after the
junk radiation has dissipated.
are given in Table II. Notice that with the junk adjust-
ment Mi/M(t > tjunk; adj) ≈ Mi/M(t = 0; raw) and
a(t > tjunk; adj) ≈ a(t = 0; raw), as needed.
The mismatches  between the waveform from raw and
adjusted simulations in Advanced LIGO are shown in
5FIG. 5. Mode (2,2) of Ψ4 for two equal mass, aligned spin
binaries. Top panel shows the cases with a ≈ 0.6 and the
bottom for a ≈ 0.8. In blue is the waveform from the raw
simulation and in orange the waveform in which the masses
and spins have been adjusted according to the single BH fit-
ting formulas. Insets focus on the junk radiation.
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FIG. 6. Mismatch as a function of total-mass of the binary for
waveforms from the raw and adjusted with masses and spins.
The blue cover refers a ≈ 0.6 and the yellow is for a ≈ 0.8.
The mismatch has been computed for Advanced LIGO design
noise and masses are kept in the detector frame.
Figure 6. For a ≈ 0.8,  ∼ 10−3 in average, while for
a ≈ 0.6,  ∼ 10−5. To avoid astrophysical inference with
a bias, one needs  ρ2 . 1 [16]. This implies that wave-
forms of sources with highly spinning BH measured with
S/N of ρ & 30 will exhibit inference biases if they are
not corrected for the junk radiation. For future detec-
tors such as the Einstein Telescope and LISA, even low
spin sources with ρ & 102 would require junk radiation
correction.
Conclusion: Using simulations of single punctures with
different spins and linear momentum, we have investi-
gated the effect of junk radiation on the mass and spin
of the BH. We found that junk radiation does not affect
the direction of the spin. With these results, we obtained
fitting functions that can be used to predict changes in
the masses and spin magnitudes of BHs in binary sys-
tems. We tested the effectiveness of the fitting functions
and showed that for binary systems with highly spinning
BHs, inference biases would be introduced by waveforms
that not are corrected for junk radiation in sources with
SNRs & 30.
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